Isotopes of several elements were measured in groundwater to provide a more complete characterization of contaminants. The additional species are expected to help identify contaminant sources and to aid interpretation of contaminant transport mechanisms by providing "signatures" of particular sources and plumes. Most of the work reported here involved development of techniques for analysis by inductively coupled plasma-mass spectrometry. These include the analysis of uranium, plutonium, ruthenium, and molybdenum isotopes. In addition to these, a survey of analyses by accelerator mass spectrometry for chlorine-36 in groundwater is reported.
Introduction
The Hanford Site Groundwater Monitoring Project at Pacific Northwest National Laboratory (PNNL) investigated selected isotopic signature techniques to aid interpretation of contaminant plumes in Hanford Site groundwater. The main approach was to select groundwater samples expected to exhibit a variety of contaminant characteristics and then develop inductively coupled plasma mass spectrometry (ICP-MS) analytical methods for the groundwater matrix. Initial broad scans were used to identify interferences and to focus the method development on isotopes showing the greatest promise of practical application. In addition, earlier work characterizing chlorine-36 in Hanford Site groundwater by accelerator mass spectrometry (AMS) will be discussed.
The ICP-MS methods initially focused on plutonium isotopes and uranium isotopes. Preliminary work has been performed on ruthenium and molybdenum isotopes. Further work on vadose zone samples has substantially improved the methods for cesium, iodine, selenium, and other constituents but the methods not been applied to groundwater samples.
The work discussed here links closely with several other projects and activities. Initial method development for some of the isotopes of interest was performed under a PNNL Laboratory Directed Research and Development project. Isotopic signature work also has been carried out on water and acid leaches of vadose zone samples. Those samples were collected from the SX tank farm in the 200 West Area. The plutonium isotopic samples were collected as part of a colloidal transport study and the ICP-MS results were critical to that investigation. An issue regarding the presence of low levels of tritium contamination in the Richland North Area arose while the isotopic signature investigation was taking place. The ICP-MS method developed in this study was used to characterize low levels of uranium in the Richland North Area groundwater in conjunction with that investigation.
Cleanup of contamination at the Hanford Site is complicated by the presence of multiple sources in close proximity. In many cases, it is difficult to associate groundwater effects with specific sources. The resulting uncertainty in assessment of contaminant fate and transport leads to a corresponding difficulty in determining appropriate groundwater and source remediation measures needed to protect human health and the environment.
Groundwater contamination at the Hanford Site is the result of decades of nuclear production and processing. The different waste streams from the processes have varying levels of contaminants. However, many of the contaminants are found in multiple waste streams and were discharged or leaked from multiple facilities. Waste compositions changed through the production history because of improvements in reactor operations and in separation processes. Knowledge of these changes provides a theoretical basis for the belief that more detailed investigation of groundwater geochemistry can help unravel the contaminant sources. In particular, this report considers the application of improved analysis of chemical isotopes to evaluate the sources of groundwater contaminant.
Nuclear reactors produce a multitude of new isotopes as fission products and activation products. The primary goal of Hanford Site operations was to produce plutonium-239 through neutron capture on uranium-238. The uranium-239 produced by the neutron capture subsequently beta decayed to neptunium-239, then to plutonium-239. As the fuel continued to be irradiated in the reactor, subsequent neutron capture produced plutonium-240 and lesser amounts of plutonium-241 and plutonium-242. In addition, as plutonium-239 built up in the fuel it contributed to the fission to an increasing degree. Thus, the ratio of the plutonium isotopes in the fuel product was a complicated function of fuel composition, reactor conditions, and residence time in the reactors. The isotopic ratios were subsequently modified by radioactive decay. Decay mainly affects the proportion of plutonium-241 due to its relatively short 14.4 year half-life.
For plutonium production, the reactors were generally operated to produce weapons grade plutonium, which is defined as containing less than 7% plutonium-240 by weight (DOE 1996) . Unless stated otherwise, in this document, isotopic percentages refer to weight percent and isotopic abundances are atomic abundances. Fuel grade plutonium contains 7-19% plutonium-240 and power reactor grade contains greater than 19% plutonium-240. Hanford produced fuel grade plutonium in 1964 through 1982. Only fuel grade plutonium was produced in 1972 through 1982, which coincides generally with the time period that the processing plants were shut down.
The uranium isotopic composition of the irradiated fuel depended on the isotopic enrichment of uranium-235 (and uranium-234) in the fuel load, the irradiation time, and reactor conditions. The earliest fuel loads at the Hanford Site used unenriched uranium, containing 0.71% uranium-235, but some later loads were enriched in uranium-235. Beginning in 1958, enriched fuel was used. Unenriched, 0.71% uranium was processed in all four plants and was the only fuel processed in T Plant and B Plant. Irradiated uranium enriched to 0.94% and 1.1% uranium-235 was processed in the Reduction-Oxidation (REDOX) Plant and the Plutonium-Uranium Extraction (PUREX) Plant. Higher enrichments were only processed in the PUREX Plant. Table 1 .1 summarizes the dates and fuel type for the different processing plants.
The uranium isotopic composition altered during the reactor cycle. Uranium-235 burned up through fission and some neutron capture. Uranium-234 also tended to decline due to neutron capture. Although neutron capture on uranium-238 was the direct source of the plutonium-239, overall the percentage of uranium-238 increased with increasing irradiation. Of particular interest is the formation of uranium-236 1952 -1966 1958 -1966 1963 -1966 1966 --PUREX Plant 1956 -1972 1966 -1971 1967 -1972 , 1983 -1988 by neutron capture on uranium-235. Uranium-236 has a relatively short half-life and is not present in natural uranium. The presence of uranium-236, thus, is diagnostic of uranium that has been subject to nuclear fission.
The ORIGEN2 computer code has been used to model the isotopic composition of the Hanford production (Watrous and Wootan 1997) . ORIGEN2 runs calculated the radionuclide inventory for each fuel type over the range of fuel exposure. A companion code, DKPRO, used the results to calculate the isotopic inventory for each fuel batch processed at Hanford and decay-corrected the radionuclides to 1994. DKPRO interpolates the results with respect to burnup for values that do not match the specific OREGEN2 simulations.
The isotopic abundance of uranium-234 calculated by OREGEN2/DKPRO for each fuel load is shown in Figure 1 .1. The uranium-234 abundance varies little for each fuel type. According to the model, the aluminum-clad natural abundance uranium (AL-0.71U) has a distinct uranium-234 abundance, but the other fuel types are very similar. Jan-40 Jan-45 Jan-50 Jan-55 Jan-60 Jan-65 Jan-70 Jan-75 Jan-80 Jan-85 Jan-90 Table 1.1 for description of fuel types.
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The isotopic abundance of uranium-235 calculated by OREGEN2/DKPRO for each fuel load is shown in Figure 1 .2. The post-irradiation uranium-235 abundance for the AL-0.71U is generally distinct from the other fuel types. The aluminum-clad, enriched single-pass reactor fuel (AL-0.94U) maintains a large degree of enrichment after burnup in the reactor. The Zircaloy-clad 0.94% uranium-235 fuel was the main fuel used at N Reactor and was subject to widely varying burnup. Some of the fuel loads approach natural abundance in uranium-235. The uranium-235 scatter in the other specialty Zircaloy fuels shows they also underwent variable exposure in the reactor. Jan-40 Jan-45 Jan-50 Jan-55 Jan-60 Jan-65 Jan-70 Jan-75 Jan-80 Jan-85 Jan-90 Table 1.1 for description of fuel types.
The isotopic abundance of uranium-236 calculated by OREGEN2/DKPRO for each fuel load is shown in Figure 1 .3. There is very good separation of the uranium-236 abundance between the AL-0.71U, single-pass reactor fuel and the enriched fuels. The Zircaloy clad fuel shows a large scatter in the uranium-236. Although the Zircaloy overlaps the AL-0.94U fuel, the uranium-236 increases with increasing burnup while uranium-235 decreases. It should be possible to distinguish the fuel types by plotting uranium-236 abundance versus uranium-235 abundance, provided the measurements can be made with sufficient precision and that little mixing has occurred (Figure 1.4 Jan-40 Jan-45 Jan-50 Jan-55 Jan-60 Jan-65 Jan-70 Jan-75 Jan-80 Jan-85 Jan-90 Table 1.1 for description of fuel types.
The earliest production runs at Hanford had short irradiation times, which resulted in low plutonium-240 content. Subsequently, reactor conditions and irradiation times were varied to optimize production. It appears that plutonium of varying purity was produced to meet different objectives (Gumprecht 1954) . In general, the plutonium-240 content increased from the early production of less than 3% to levels around 6%. Thus, plutonium isotopic composition may provide information on waste history. However, plutonium is generally relatively immobile in groundwater and is seldom detected by conventional analyses of Hanford Site groundwater.
Other plutonium isotopes are potentially of interest in providing signatures. These include plutonium-238, -241, and -242. Only low levels of plutonium-238 were produced during the production runs. Plutonium-241 is of particular interest because its short half-life can help age date contamination, provided initial composition is known or can be inferred. After plutonium-239 and -240, plutonium-241 is of greatest interest in determining plutonium sources and transport history. However, detection of environmental levels of plutonium-241 currently requires expensive thermal-ionization massspectrometry (TIMS) and was not pursued as part of this study. Plutonium-242 levels also are very low and can generally be discounted in environmental studies. Plutonium-242 and -244 are commonly used as tracers in analytical methods. See Table 1 .1 for description of fuel types.
Nuclear reactors produce a wide variety of fission products. The fission products under reactor conditions are typically asymmetrical -the two particles tend to have different mass. This leads to fission yield curves for uranium-235 and plutonium-239 as shown in Figure 1 .5. The vast majority of the fission events produce a pair of nuclei with excess neutrons. This results in unstable atoms. These nuclei generally beta-decay to higher atomic number elements along the same mass isobar. Many moderate to long-lived and stable isotopes are found in fission waste. The isotopes of greatest concern from an environmental risk standpoint are those that are most mobile and are most radioactive over the time scale of interest. Thus, for example ruthenium-106 was of great concern during production at Hanford Site due to its high fission yield and one year half-life. The half-life was long enough to persist through processing and waste disposal but short enough to lead to high decay rates. The ruthenium-106 has, however, essentially decayed away since shutdown of the reactors and long-lived mobile isotopes, such as technetium-99, are becoming most important.
The wide variety of fission products produces a number of built-in tracers for waste material. A number of stable isotopes and long-lived isotopes can be used, in theory, to identify waste sources and transport, but most have not been well studied. Technetium-99 is highly mobile in oxidizing groundwater and is one of the more significant risks. The groundwater project commonly measures technetium-99 by radiometric methods, but ICP-MS methods recently have been developed. Selenium isotopes also are of interest, in particular selenium-79, which has a long half life (6.5e5 years) and may be a driver in longterm risk calculations. In addition, stable isotopes of molybdenum, ruthenium, and rhodium are produced by fission and are expected to be mobile in groundwater.
Activation products are found in addition to fission products in Hanford Site waste streams. Activation products are formed by neutron capture or n-2n reactions on a variety of materials or trace impurities in the reactors. Cobalt-60 is an activation product that has been of particular interest due to its potential contribution to radiation dose. Cobalt-60 has been detected in Hanford Site groundwater and a fraction of the cobalt is, in some instances, mobilized as anionic or neutral complexes. However, cobalt-60 is not a contributor to long-term risk because the 5.27 year half life means that it will decay to insignificant levels. Chlorine-36 is a long-lived radionuclide (3.01e5 years) that is produced by activation of traces of chlorine-35. Chlorine-36 is highly mobile in the environment and may be a contributor to long-term risk in some circumstances. However, the long half life, low energy of the beta emission, and low potential for bioaccumulation minimize the risk. Additional activation products of interest include nickel-59 and nickel-63. Nickel-59 has a very long half life of 7.64e4 years, while the half life of nickel-63 is 100 years. Very low levels of nickel-63 have been detected in Hanford Site groundwater, but it is not expected to be highly mobile. Other activation products such as aluminum-26, niobium-94, cadmium-110 and tungsten-183 are probably of more interest in vadose zone or source area studies due to limited mobility.
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Sampling
Groundwater sampling was performed according to standard protocols employed for routine monitoring onsite. Wells were generally purged until temperature, specific conductance, and pH stabilized and for at least 3 bore volumes. Some large volume wells with lower capacity pumps were purged for only 1 hour, producing less than 3 bore volumes. The sampling goal is to sample after turbidity drops below 5 NTU, but this is not possible in all cases. Generally turbidity was below 20 NTU. In the initial study, filtered, unfiltered, acidified, and non-acidified samples were collected. The early study determined that filtered and nitric acid acidified samples were the most useful for determining uranium concentrations in groundwater. Plutonium isotopes were measured on unfiltered, non-acidified samples because of the linkage with the colloidal transport study. Those samples were collected with low-flow sampling techniques (using a bladder pump at 100 to 200 ml/min flow). The low-flow technique minimized the introduction of settleable particles into the samples.
3.1
Analytical Methods
This section briefly describes the analytical methods employed for uranium isotopes and total uranium, plutonium isotopes, and the fission products ruthenium and molybdenum. All ICP-MS analyses were performed on a Varian quadrapole ICP-MS. The chlorine-36 method used at Lawrence Livermore National Laboratory is also summarized.
Uranium
Uranium is separated from matrix elements in groundwater samples prior to determination of uranium-234, -235, -236, and -238 isotopic ratios and total uranium. The natural uranium concentration obtained in the procedure blank and reagents and/or ion-exchange resin impurities defines the detection limit for uranium isotopes.
The unknown sample is first screened for total uranium concentration. After determining the total uranium as uranium-238, an aliquot of sample is processed to produce 10 mL of 1 ng/mL total uranium. All sample solutions, blanks, check samples, and other quality control (QC) samples are spiked with uranium-233 tracer at a concentration of 1 ng/mL. The method detection level is approximately 5 fg/mL (0.000005 µg/L) for the minor isotopes of uranium in weak oxalic acid. The sample detection limit for individual isotopes is sample-specific because the sample aliquot is based on the total uranium concentration.
The aliquot of sample, acidified with nitric acid is separated from the matrix by loading the uranium fraction onto 20 to 50 micron-sized Eichrome® TRU resin FPS. The uranium is then stripped from the column using 10 mL of 0.05-M oxalic acid. The oxalic acid solution is injected into the ICP-MS and isotopic ratios of mass units 233, 234, 235, 236, and 238 measured. Sample measurements are first corrected for background counts, a blank subtraction is applied and an alpha correction based on the mass response of a known standard is calculated. Concentrations of individual isotopes are calculated by comparison of the isotope response in the sample to the uranium-233 internal standard. The total uranium is the sum of the individual isotope concentrations.
Plutonium
For plutonium analysis, 500 fg of plutonium-242 tracer and 5 mg iron nitrate precipitating agent are added to 100 mL of sample solution. Seven mL of concentrated nitric acid is added to acidify the solution to 1 molar nitric acid. The sample is placed on a hot plate, brought to a boil, and then removed from the heat. The sample solution is then precipitated using NH 4 OH and allowed to cool to support complete precipitation of most metals. The precipitate is then filtered and washed with weak NH 4 OH and transferred to a Teflon beaker. The precipitate is then redissolved with 2 mL of 2.5 M HNO 3 . This solution is then injected into a 150 µL TEVA column on-line to the ICP-MS. The loading process is done using 2 M nitric acid diverted out to waste where most metals are eluted, including the uranium isotopes. The plutonium isotopes are then striped from the column using a weak (0.005 M) nitric acid and 0.05 M oxalic acid. The transient plutonium response is measured by the on-line ICP-MS.
Americium-241 may be quantified through a modification of this procedure but has not been included in the current work. Neptunium-237 also may be detected, but it cannot be quantified accurately because no tracer is available to determine the yield in the chemical separation.
Molybdenum and Ruthenium
Molybdenum and ruthenium isotopes are separated from matrix elements using a Dowex® 50X8 cation resin prior to measurement by ICP-MS. Other isotopes that can be measured using this procedure include technetium-99, rhodium-103, and palladium-105. Those isotopes were not a focus for this study so the results for those isotopes will be discussed separately. The samples are first screened for molybdenum concentration and an aliquot chosen to give approximately 40 ng in the final 10 ml solution. Indium-115 is used as an internal standard. The sample is placed in a 0.15 M HNO 3 matrix and loaded onto the anion resin column. The molybdenum and ruthenium (as well as technetium, rhodium, and palladium) pass through the resin as oxyanions. Corrections are made for background counts and blank concentrations. Standards of natural abundance ruthenium and molybdenum are used to calculate alpha corrections (mass response correction) and for quantification of concentrations.
Molybdenum-92, -94, -95, -96, -97, -98, and -100 are measured. The presence of natural ruthenium could interfere with the measurement of molybdenum-96, -98, and -100, but examination of the other ruthenium and molybdenum isotopes generally shows that this is insignificant. Where measurement of ruthenium-101, -102, and -104 ratios indicates the presence of natural ruthenium, then the impact on molybdenum measurements needs to be considered. A more serious problem is interference from zirconium. Zirconium-92, -94, and -96 will interfere with those molybdenum isotopes. Most of the zirconium is separated using the anion resin; however, it remains as a trace contaminant even after the sample preparation. Residual zirconium in the sample must be subtracted to correct the isobaric interference on molybdenum isotopes. Alternatively, the relative atomic ratio of molybdenum-95, -97, -98, and -100 can be examined to evaluate relative contributions from fission and natural abundance molybdenum while avoiding uncertainties introduced by the zirconium correction.
Ruthenium-101, -102, and -104 are measured. Natural palladium is an unlikely interference on ruthenium-102 and -104, only. The palladium isobaric interference can generally be discounted unless the mass-104 abundance is much greater than the mass-102 abundance because the natural palladium-104 abundance is approximately 11 times the palladium-102 abundance. Since only selected ruthenium isotopes are quantified, the alpha correction is based on the natural ratio between those isotopes rather than the total isotopic abundance.
The molybdenum concentrations for the groundwater samples discussed in this report were not quantified directly due to a problem with the molybdenum standard. The isotope ratios are calculated independently of the absolute concentrations and, thus, are unaffected.
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Technetium-99, rhodium-103, and palladium-105 also may be determined in solutions that have been prepared for analysis of molybdenum and ruthenium isotopes, as discussed above. For this study, technetium-99, rhodium-103, and palladium-105 were measured but were not quantified against standards. The blank-subtracted counts for each of these are proportional to the isotopic concentration, however. Thus, the isotopic abundances can be compared to ruthenium and molybdenum, based on the relative count rates.
Chlorine-36
Chlorine-36 was measured in groundwater samples by accelerator mass spectrometry. Sample preparation and analysis was performed at Lawrence Livermore National Laboratory Center for Accelerator Mass Spectrometry. The chloride is precipitated from solution as silver chloride. Chlorine-36 free silver chloride is used as a carrier to dilute the samples to the range of the instrument. The sample is introduced into a tandem Van deGraaf linear accelerator and the chlorine-36 to total chloride ratio is measured. Chloride analyses performed on splits of the groundwater samples are used to quantify the chlorine-36 concentration in the samples.
4.1
Results
The isotopic signature investigation has provided information about several issues of concern to the Hanford Groundwater Monitoring Project. Uranium isotopic results have been obtained from a variety of locations across the site and the results indicate several uranium sources. The uranium types identified include natural uranium, enriched uranium, depleted uranium, and uranium waste from irradiated Hanford fuel. Fewer measurements have been made on plutonium isotopes, but the results indicate that the signature near the 216-B-5 injection well are consistent with early Hanford fuel. Most groundwater measurements on molybdenum and ruthenium isotopes thus far are from samples collected near the BY cribs and the B-BX-BY tank farms. These clearly show the presence of fission-product ruthenium, but fission molybdenum appears to be absent. This is in contrast to vadose contamination samples from the SX tank farm where results show the presence of fission molybdenum but no fission ruthenium. One groundwater sample collected near T Plant shows a ruthenium isotopic signature that is close to that of natural ruthenium. The results are presented and discussed in further detail in this section.
Uranium
The uranium isotopic concentrations for samples analyzed in this study are shown in Table 4 .1. The isotopic abundance is reported in Table 4 .2. These data include the initial samples used for method development in 1999 and samples collected in 2001. All isotopes except for uranium-236 were detectable in all samples.
Total uranium concentrations in the samples ranged from less than 1 µg/L to 524 µg/L. At low concentrations, most samples show enrichment with uranium-234 relative to the natural isotopic abundance whereas the uranium-235 remains near the natural abundance (Figure 4 .1). The enrichment with uranium-234 is believed to be the result of the alpha-recoil effect (Osmond and Cowart 1976; Fleischer 1980) . This is where the alpha decay of uranium-238 in minerals and subsequent beta decay to uranium-234 strains the crystal lattice, leading to preferential leaching of uranium-234 relative to uranium-238, which remains in unstrained sites. At higher concentrations, the samples show slight depletion of uranium-235. The depletion appears to be due to burn-up of uranium fuel in the Hanford reactors.
Two samples plot far from the trend of the other samples. The first of these samples is from well 699-S31-E10B, which is located in the southern part of the site, downgradient from an off-site commercial fuel fabrication facility. The uranium in this sample is enriched in both uranium-235 and uranium-234. The isotopic enrichment to a uranium-235 abundance of 0.0195 suggests that the fuel fabrication is a source of uranium in groundwater at this location. The second sample is from well 699-S6-E4A which is located next to the 316-4 crib (near the 618-10 burial ground). This crib received waste from the 300 Area research activities. The uranium in this well is depleted in uranium-234 and uranium-235. This is consistent with 300 Area research activities, which were performed on a variety of uranium compositions, including depleted uranium. Several of the samples have lower uranium-236 abundance, between approximately 2e-5 and 5e-5. The pre-1950 production shows distinctly lower uranium-236 than most of the later fuel loads as shown in Figure 4 .4. During this period, the calculated uranium-236 abundance was generally less than 4e-5. The uranium-236 abundance between 1954 and 1956 was also less than 4e-5 for a portion of the production. This apparently is explained by production of high-purity plutonium-239, which requires shorter irradiation to minimize the plutonium-240. By contrast, the calculated uranium-236 abundance for the rest of the AL-0.71U fuel was typically between 6e-5 and 1.2e-4.
The low abundance uranium-236 samples from the 200 East Area, with the exception of the sample from well 299-E28-18, are consistent with the disposal history for near-by facilities but mixing with natural uranium cannot be ruled out. Mixing with natural uranium will reduce the uranium-236 abundance. At high contaminant concentrations, any effect from natural uranium will be insignificant but it may become a factor at lower concentrations. If natural uranium provides a significant percentage of the total, then uranium-234 should be elevated due to the alpha-recoil effect. The uranium-234 in several of the samples is slightly above natural abundance, but the variability in uranium-234 abundance is similar 4.6 to that in the high concentration, high uranium-236 abundance samples from 200 East Area. The variability, however, precludes distinguishing a low-concentration, low uranium-236 contaminant from mixing between a higher uranium-236 abundance contaminant with background water. Table 4 .3 lists the operating period for facilities monitored by wells showing low uranium-236 abundance. The 216-B-62 crib, which is monitored by well 299-E28-18, received process condensate from B Plant after the facility was used for plutonium separation. Later use of B Plant was for recovery of radioisotopes from Hanford waste. It is unclear what uranium composition would have been present in this later operation. Wells 299-E28-2 and 299-E28-25 monitor the 216-B-5 injection well which received early waste from B Plant. The uranium isotopic composition is consistent with this source. As discussed below, the plutonium isotopic composition is also consistent with early production. There is some uncertainty regarding the operation dates for the 216-B-8 crib, which is monitored by well 299-E33-16. Some sources indicate that it was only used until 1951. This crib received secondcycle waste supernatant from the B tank farm, beginning in 1948. This waste was released due to a lack of tank storage space. Uranium was not recovered from the waste in the bismuth phosphate process used in B Plant and, thus, higher concentrations were present than in the waste streams from subsequent processes. However, the majority of the uranium remained in the metal waste and first-cycle decontamination waste that were produced by earlier steps in the process than the second-cycle waste. In any case, it is likely that the majority of the uranium discharged to the 216-B-8 crib was from pre-1948 waste, which had been stored in the B tank farm until that time. This is consistent with the low uranium-236 abundance in the groundwater.
The high abundance uranium-236 in the 200 East Area is found in samples from a high-concentration uranium plume near the B-BX-BY tank farms. Uranium concentrations in this vicinity range to over 500 µg/L. The uranium-236 abundance greater than 7e-5 is distinct from that of well 299-E33-16 which monitors the 216-B-8 crib located east of the tank farms. Thus, it appears that the uranium is from different sources. The higher uranium-236 abundance is consistent with AL-0.71U fuel batches from after approximately 1950. This fuel was processed in only approximately the last 3 years of B Plant operation. Similar uranium-236 abundance fuel was processed for longer at T Plant, REDOX Plant, and PUREX Plant so it is possible that waste from those facilities contributed.
Estimates of uranium isotopic composition of the most significant known leaks from tanks in the B-BX-BY tank farms are summarized in Jones et al. 2001 . The uranium isotopic abundances for those leaks with an inventory calculated in that document are summarized in Table 4 .4. The largest documented leak was 347,000 L from tank BX-102 in 1951. This leak was actually an overflow event rather than a tank rupture. The uranium-236 abundance estimated for the BX-102 event is 5.22e-5, which is somewhat lower than the approximately 7e-5 value seen in groundwater samples from the uranium plume. However, the uncertainties in the estimated values are not well known so this may still be a possible source. Samples from vadose zone contamination related to this leak could help resolve this question.
The low-concentration uranium samples in this data set illustrate another use for the uranium isotopic measurements. An issue regarding the source of low levels of tritium contamination in Richland North groundwater was raised during the course of this method development activity. The tritium levels, in the hundreds of pCi/L, were low but higher than currently seen in the Columbia River and higher than expected for groundwater in that area. The uranium isotopic composition was measured for several samples to help preclude any transport of contamination through the groundwater south from the 300 Area. The uranium results for the relevant samples from Tables 4.1 and 4.2 are summarized in Table 4 .5. The samples are located in Figure 4 .5. The drive-point sample was collected from a shallow piezometer, near the Columbia River Shoreline. All the samples are somewhat enriched in uranium-234 as expected for natural uranium in groundwater. Uranium-236 is not detected in the region between the 300 Area and the North Richland well field, indicating that there is no groundwater uranium transport through this area. Very low levels of uranium-236 were detected in well 1199-39-16D, located immediately adjacent to the North Richland well field. The city of Richland pumps water from the Columbia River into recharge basins next to the well field so the water is filtered by the sediment prior to use in the water supply. It is hypothesized that the low level of uranium-236 is from Columbia River water. It would be valuable to obtain river water samples and to resample this well to confirm the presence and the source of uranium-236. 
Plutonium
Samples were collected for plutonium isotopic measurements in conjunction with a study of colloidal transport at the 216-B-5 injection well. This report will summarize the results from bulk groundwater samples collected. Samples were collected from two wells and analyzed for plutonium isotopics without filtration. Samples were analyzed by both alpha spectroscopy and ICP-MS.
The 216-B-5 injection well was used between 1945 and 1947 for the disposal of alkaline, low-salt, intermediate level radioactive waste from the bismuth phosphate process at B Plant. The well was perforated across the water table. Approximately 3.1e7 liters of waste containing approximately 4.3 kg of plutonium were discharged to the system. According to Smith (1980) , approximately half the inventory of plutonium remained in a settling tank prior to discharge to ground.
Samples were collected using low flow sampling from two wells. Well 299-E28-25 is located approximately 3 meters northwest of the injection well. Well 299-E28-2 is located approximately 100 meters northwest of the injection well. Plutonium-239+240 in well 299-E28-25 is easily detectable by conventional alpha spectroscopy but that method does not distinguish between plutonium-239 and plutonium-240. Prior to 1999, when these samples were collected, plutonium concentrations in well 299-E28-2 had declined below detection levels for alpha spectroscopy. The 1999 results for alpha spectroscopy and ICP-MS are summarized in Table 4 .6. Plutonium-239+240 was not detected in conventional alpha spectroscopy measurement of samples from well 299-E28-2. This is consistent with previous results. Plutonium-239 was detected in ICP-MS samples from this well. The plutonium-240 measurement is high for the mid sample from well 299-E28-2 compared to the plutonium-239 and is considered suspect. The plutonium-239/240 ratio for this sample is inconsistent with process knowledge. It is likely that a single-channel transient spike in the instrument produced the elevated plutonium-240. No plutonium-240 was detected in other ICP-MS measurements from this well. The plutonium results from well 299-E28-25 are above detection limits for both methods and the values are in reasonable agreement with a maximum relative percent difference of 33%. 
4.12
The samples from well 299-E28-25 show an extremely low content of plutonium-240 with an average plutonium-240:plutonium-239 atom ratio of 0.015. The average plutonium-240:plutonium-239 atom ratio calculated from the ORIGEN2 simulations of B Plant fuel from 1944 through 1947 is 0.014, showing excellent agreement. By comparison, atmospheric fallout plutonium exhibits ratios of 0.180 for the northern hemisphere between 30 and 70 degrees N. Nevada Test Site local fallout has a ratio of 0.0321 (Kelley et al. 1999) . In contrast, the local or tropospheric fall out in sediments and water near the Pacific Proving Grounds has a ratio greater than global fall-out with values >0.20 and in some samples greater than 0.30 (Buessler 1997 ).
This limited study shows that the ICP-MS measurements can significantly improve detection limits for plutonium over the conventional alpha spectroscopy method. The ICP-MS measurements provide information on plutonium-240:plutonium-239 atom ratios, which are unavailable from alpha spectroscopy. The atom ratio is useful in distinguishing plutonium sources. The plutonium-240:plutonium-239 ratio can be determined using thermal ionization mass spectrometry but the costs are higher and sample throughput is lower.
Ruthenium
Ruthenium-106 was a major contributor to total beta activity in groundwater during Hanford production. However, the short ruthenium-106 half life of 1.02 years means that the activity has decayed to insignificant levels. The extensive ruthenium-106 plumes detected during the operational period demonstrate that fission ruthenium is highly mobile in the Hanford unconfined aquifer. Thus, we expected to see fission-derived stable ruthenium in groundwater samples.
Isobaric interference from molybdenum and technetium preclude quantification of ruthenium-96, -98, -99, and -100. Ruthenium-101, -102, and -104 are fission products with distinctly different fission yields than the natural abundances (Table 4 .7). These isotopes can be measured by ICP-MS and used to identify fission sources. The ratio of each isotope to the total for all three can be compared to the natural ratio of the three isotopes and the fission ratio.
In 2001, ruthenium and molybdenum isotopic composition was measured on a series of samples originally collected for uranium isotopic analysis. Most of these samples were collected from the Table 4 .9.
Of the eight samples with detectable ruthenium, the seven samples from the 200 East Area, near the BY cribs, show isotopic abundance close to that for fission-derived ruthenium and distinct from natural isotopic abundance. The sample from the 200 West Area contains ruthenium with an abundance ratio close to natural. The source of this natural-abundance ruthenium is unknown. Closer examination of the ruthenium isotopic ratios shows that the ratio is systematically lower than the uranium-235 fission ratio for ruthenium-101 and ruthenium-102 but higher than uranium-235 fission yield for ruthenium-104 (Figures 4.6, 4.7, and 4.8) . This may be explained by the contribution from plutonium-239 fission in the reactors. The figures show the expected ratios for uranium-235 and plutonium-239 fission, as well as the ratios calculated from the average of all Hanford fuel loads as calculated using the ORIGEN-2 and DKPRO codes. When the ruthenium isotopic ratios are plotted on a figure of ruthenium-101:ruthenium-104 versus ruthenium-102:ruthenium:104, the samples from the 200 East Area fall close to the line between uranium-235 fission and plutonium-239 fission (Figure 4.9) . The spread along the line indicates varying contribution from plutonium to the fission products. The sample from the 200 West Area falls near the natural abundance point. All samples show a bias toward high ruthenium-101 and low ruthenium-102 or low ruthenium-104. This suggests a small systematic error in the measurements.
Isotopes of several other elements also were measured during the ruthenium and molybdenum analysis. These include technetium-99, rhodium-103, and palladium-105, which are all fission products. These isotopes were not quantified with standards, but the relative counts versus ruthenium provide a good estimate of the atomic ratios between the elements. These ratios then can be compared to the expected fission yield. The ratio of blank-corrected counts for technetium-99, rhodium-103, and It is also possible that differential transport in the groundwater affects the technetium:ruthenium ratios due to differing geochemical properties between technetium and ruthenium. However, the samples with the high technetium-99:ruthenium-101 ratio are the samples with the lowest ruthenium-101:ruthenium-104 ratio, i.e. the greatest contribution from plutionium-239 fission. The ruthenium isotopes would not be fractionated by geochemical processes so this indicates that there are multiple sources of contamination in this area.
Molybdenum
Molybdenum isotopes were measured on the same suite of samples as ruthenium. The molybdenum isotopic composition of all samples was very close to natural abundance (Table 4 .11). The interfering zirconium ion concentrations were subtracted for the molybdenum-92, -94, and -96 measurements and, thus, those isotopes are subject to somewhat greater uncertainties. The other isotopes are free from this interference and the ratio between molybdenum-95, -97, -98, and -100 only was calculated and compared to the natural ratio for these isotopes. The isotopic ratios for the zirconium interference-free isotopes are shown in Table 4 .12. Molybdenum results were not corrected for ruthenium because even for the single sample with apparent natural ruthenium, the correction is minor. No fission component can be seen in these samples. Figure 4 .11 shows the results for the relative ratio of molybdenum-98 based on molybdenum-95, -97, -98, and -100. Molydenum-98 shows the greatest difference in ratio between natural and fission.
These groundwater results for molybdenum isotopic composition contrast with the molybdenum results from vadose zone core collected in the SX tank farm. In the vadose zone cores, fission-produced molybdenum dominated in water extracts from the contaminated zones (Figure 4 .12). Acid extracts leached significant amounts of the mineral matrix, contributing natural abundance material. Fission ruthenium was not detected in the core samples. The difference is likely because the SX tank farm waste was from the REDOX process and the 200 East Area waste was dominantly from the bismuth phosphate process. Although the presence of natural molybdenum in the groundwater samples could mask a fission contribution, the fission molybdenum would have produced a measurable shift in the ratios if molybdenum were present in an amount proportional to the ruthenium fission component. Thus, it appears that molybdenum was separated from the ruthenium and technetium during the bismuth phosphate process or during uranium recovery operations.
Chlorine-36
This section of the report summarizes chlorine-36 measurements on groundwater samples collected from the Hanford Site in 1995. These data have not yet been included in a PNNL report but have been presented orally (Dresel 1997) . Little is known about chlorine-36 concentrations in Hanford waste but substantial amounts can be expected from process knowledge. Chlorine-36 is believed to be a good tracer for contaminants in groundwater because of the high mobility of chloride. The 1995 sampling confirms 4.18 Chlorine-36 is a long-lived radionuclide (half life of 301,000 years) with a high mobility in the vadose zone and groundwater. It is produced in reactor operations as an activation product of chlorine-35. Chlorine-36 in the environment also results from a small amount of natural atmospheric and subsurface production and from atmospheric nuclear testing in the 1950s and 1960s. This isotope can provide valuable information on the movement of water and contamination in the vadose zone and groundwater.
Chlorine-36 has been used as a tracer for vadose zone recharge studies at Hanford (Prych 1995; Murphy et al. 1996) . Although chlorine-36 in the vadose zone and groundwater may be present due to atmospheric fallout and a small subsurface production rate, chlorine-36 in groundwater at several DOE sites has been shown to result from reactor operations Beasley et al. 1993 ).
Little information currently exists on chlorine-36 in the sources or the distribution in groundwater or vadose zone at the Hanford Site. Chlorine-36 is expected mainly to stay in the aqueous streams and, thus, much chlorine-36 may have remained with the high activity fission products in the tank waste streams and a component will be present in other aqueous streams. Some volatilization may have occurred and should be evaluated.
The high concentrations of chlorine-36 seen in the 100 F and K Areas were unexpected. Some chlorine-36 may have been formed by activation of chlorine in the cooling water but chlorine concentration in the Columbia River, used for cooling water, are low and the residence time in the reactors is not great for the single-pass cooling used in early reactors.
The fate of chlorine-36 in the fuel processing is unknown. Chlorine chemistry is similar to iodine so it is likely that a fraction of the chlorine-36 was released to the atmosphere with the iodine-129 and -131. Beasley et al. 1993 postulate that chlorine-36 is released as chlorine gas and as NOCl. Because of the long half-life of chlorine-36, it is likely that breakthrough occurred on the silver scrubbers that were designed to remove iodine-131 from the stack release. If this is the case, then chlorine-36 would have been released to the atmosphere through the entire period of Hanford operations. The limited groundwater data show that chlorine-36 also is found in the large-volume liquid releases to cribs during processing. The chlorine-36 correlates poorly with tritium, indicating that these two mobile species provide complementary information on groundwater contamination (Figure 4.13) . 
Conclusions
The application of new ICP-MS measurement techniques to groundwater samples has expanded our ability to distinguish commingled contaminant plumes and to relate plumes to sources. The limited sampling performed to date has shown the applicability of the methods and some preliminary conclusions can be drawn. Uranium and ruthenium isotopes in groundwater show different compositions that can be related to different plumes and/or sources. The plutonium isotopes are consistent with known contaminant sources, but the limited mobility and limited extent of known plumes means that broader application as a contaminant signature will require an evaluation of the plutonium isotopes at considerably lower concentration levels. Lower level measurements are attainable by processing greater sample volume and by using improved instruments now available. To date, fission-derived molybdenum has not been identified in groundwater but the presence of fission molybdenum in the SX tank farm vadose zone suggests that further analyses of groundwater may be useful.
The measurement of uranium isotopes can show the difference between different site and offsite sources of uranium. The presence of uranium-236 is diagnostic of uranium of anthropogenic origin. The uranium detected in one well in the southern part of the site, shows an isotopic composition consistent with manufacture of commercial fuel elements. The uranium near the 618-10 burial ground is depleted in uranium-234 and -235 and likely came from 300 Area research waste. Uranium in the northern 200 East Area, near B Plant, is dominated by material processed from early Hanford reactor operations, consistent with an origin at B Plant. The uranium isotopic data agree well with what is known from computer modeling the isotopic composition of Hanford reactor fuel.
Ruthenium of fission origin is seen in groundwater from the vicinity of B Plant in the 200 East Area. Its extent has not been fully evaluated but the data indicate that the ruthenium is lower in concentration relative to technetium-99 than would be predicted strictly from their uranium and/or plutonium fission yields. The samples from the southeastern wells sampled have higher technetium-99:ruthenium-101 ratios than the wells further northwest. This suggests distinct sources for the contamination.
Further research to confirm these results and to extend knowledge of isotopic distributions would be useful. Sampling of groundwater for uranium isotopic composition should continue, focusing on areas of significant uranium contamination, such as the 300 Area and the U Plant region of 200 West Area. A baseline of offsite uranium isotopic composition should be developed to deal with questions of offsite migration. The molybdenum analysis should continue to determine if fission molybdenum is generally absent from the groundwater or if the absence is related to the specific areas sampled. The relationship between ruthenium isotopes and technetium appears productive for distinguishing technetium sources. Further plutonium work should be considered if there are locations where it may help constrain contaminant sources. The plutonium work would need to concentrate reducing detection limits.
Interpretation of the groundwater composition would benefit from further research of isotopic composition of source area vadose zone samples. Although some work has been done on the SX tank farm, this has not been extended to other tank farms. No work has been done yet on the liquid waste sites.
5.2
Method development for the ICP-MS should continue. The molybdenum, ruthenium, rhodium, and palladium method needs some minor refinements. New ICP-MS capabilities for high precision and high sensitivity measurement are being added at PNNL and they should be evaluated so the better quality results can be obtained. Several other isotopes show promise for interpreting site contamination. These include cesium-135 and -137, selenium-79, -80, and -82, iodine-127 and -129 . The ICP-MS methods for neptunium-237 and americium-241 may be useful in some areas.
The chlorine-36 work from previous years indicates that further investigation may be productive in distinguishing between contaminant sources. The wide range in concentrations and the high sensitivity of the accelerator mass spectrometry technique suggest a broad applicability on site. However, the analyses are fairly expensive and time consuming. The high concentrations also mean that particular care must be taken not to overwhelm the mass spectrometer and to avoid contaminating the laboratory.
